Abstract
Introduction
The May 27, 2006 earthquake caused severe damage in Yogyakarta Basin, especially in Bantul area. One main reason for such damage is strong ground motion and ground amplification. It is also important to determine site effects quantitatively. During an earthquake, the subsurface soil column acts like a filter with strain-dependent properties that can increase the duration and amplitude of shaking in a narrow frequency band related to the soil thickness, physical properties (P-and S-wave velocities, density), and the shape of the surface and subsurface boundaries. The spectral content (amplitude, period, and phase) and duration of earthquake recordings can therefore be significantly affected by local site conditions, especially at unconsolidated soil and sediment sites with a near-surface impedance contrast with underlying bedrock. The resonant period of the ground is therefore of great importance for earthquake engineering (Molnar et al., 2007) .
The most influential parameter in determining strong ground motion is the subsurface shear-wave velocity (V s ) structure. The 2005 Canadian National Building Code is based on averaging the shear-wave velocity of the top 30 m (or equivalent) in order to designate a National Earthquake Hazard Reduction Program (NEHRP) amplification site class with an appropriate multiplicative amplification hazard factor. This is similar to current practice in the United States, and now in Europe (Eurocode 8), (Molnar et al., 2007) .
The theoretical evaluation of strong motions and site effects requires information on shear wave velocity structures, especially for sedimentary layers above the bedrock. Theoretical simulation of strong motions for 1995 Kobe earthquake had shown that sites effects caused by 3D basin structure have an important role in strong motions (Kawase and Matsushima, 1998 
SASW Method
The SASW method is a relatively new in-situ seismic method for determining shear wave velocity profiles. Measurement is performed on the ground surface, and so, the cost of measurements is less than with traditional borehole methods. The basis of the SASW method is the dispersive characteristic of Rayleigh waves when traveling through a layered medium. Rayleigh wave velocity is determined by the material properties (primarily shear wave velocity, but also compression wave velocity and material density) of the subsurface. In Yogyakarta Basin, the SASW measurements are performed in seventeen areas throughout the basin as shown in Figure 1 . All measurements reached to the depth of 30 m and above. Therefore, the obtained data can reflect the effects of loose to dense sediments in this basin and applicable for seismic response analysis and strong ground motion.
General Procedure SASW testing consists of measuring the surface wave dispersion curve at the site and interpreting it to obtain the corresponding shear wave velocity profile. A dy- namic source is used to generate surface waves of different wavelengths (or frequencies) which are monitored by two or more receivers at known offsets as shown in Figure 2 . Data from forward and reverse profiles are averaged together. An expanding receiver spread is used to avoid near field effects associated with Rayleigh waves and the source receiver geometry is optimized to minimize body wave signal. During data analysis, all phase data are manually checked through an interactive masking process to discard low quality data.
Data Analysis
First of all, the recorded data are transformed into cross power spectrum by using fast Fourier Transform method. The obtained auto power spectrum is then trans-formed again into phase velocity spectrum which reflects the dispersive characteristics of Rayleigh waves. By using selected inversion processes, the shear wave velocity structures of studied areas have been obtained. 
Recorded data
⇓ Fast Fourier Transform Y 1 (ω) = FFT (y 1 (t)) , Y 2 (ω) = FFT (y 2 (t)) ⇓ Cross Power Spectrum G y 1 y 2 = Y 1 (ω) · Y 2 (ω) ⇓ Time Delay t(ω) = phase (GG y 1 y 2 ( f ))/ω ⇓ Phase Velocity V R (ω) = X/t(ω)
Geotechnical approach Standard Penetration Test (SPT)
The standard penetration tests were performed at nine areas in Yogyakarta Basin, together with drilling program. The borehole locations in which SPT tests had been carried out were shown in Figure 3 . The SPT test was conducted at every 2 m interval in bore holes. Then, the average N-vales are determined for each layer of evaluated subsurface soil profile in nine areas by using the following equation. 
Data Analysis
By using corrected average N-values, void ratio, specific gravity and shear strength parameters, the shear wave velocities structures have been estimated step by step method. First of all, the effective unit weight for each layer was determined as follows (Craig, 1991) .
Where, γ e f f = effective unit weight of each layer G s = specific gravity of each layer γ w = unit weight of water e = void ratio of each layer The effective vertical pressure, effective confining pressures for each layer were determined as follows.σ
Where, K 0 is the coefficient of earth pressure at rest (For normally consolidated clays) σ v = effective vertical pressurē σ 0 = effective confining pressure Based on determined effective vertical pressure, corrected N 60 values and the shear modulus of each soil layer were estimated by using the following relation (Seed et al., 1986) .
Where, G max = maximum shear modulus of each layer N 60 = N-value of 60% free-fall energy Finally, the shear wave velocity structures of the studied areas had been determined based on obtained shear modulus values, void ratio and confining pressure of each layer, by using the following relations (Das, 1993) .
Where, v s = shear wave velocity of soil layer ρ = density of soil layer γ e f f g
Results
The phase velocities of dispersive Rayleigh waves in Bambang Lipuro, Banguntapan, Kasihan, Piyungan, Sedayu, and Bantul areas show little or no variation in dispersion of Rayleigh waves as shown in Figure 4 (a-f). The gradual increase in shear wave velocities with depths has been observed in these areas and the Swave velocity structures of these areas are shown in Figure 4 (a-f). Some changes and variations of dispersive characteristics have been observed in phase velocity spectra of Sanden, Imogiri, Pajangan and Dlinggo areas as shown in Figure 5(a-d) . The variations in dispersive characteristics of Rayleigh reflect the complex changes in underlying subsurface layers. There are also changes in shear wave velocity structures and which can be seen in Figure 5(a-d) .
In Jetis, Pleret and Srandakan areas, similar phase velocity spectra are observed with some variations and are shown in Figure 6(ac) . There are small changes in shear wave velocity structures as shown in Figure 6(a-c) . The dispersion of Rayleigh wave in Kretek and Pundong areas is quite different from other areas. The phase velocity spectra and shear wave velocity of these areas are shown in Figure 7(a,b) . The resulted shear wave velocity structures from geotechnical evaluation are described in Table 1-9.
Discussion
In this study, Spectral Analysis of Surface Wave (SASW) method used as a tool to evaluate the shear wave velocity structures of Yogyakarta Basin and standard penetration test and other geotechnical aspects are also applied to support SASW measurements.
The shear wave velocity structures in Bambang Lipuro, Banguntapan, Kasihan, Piyungan, Sedayu, and Bantul area, gradually increase generally starting from 154 ms −1 to greater than 800 ms −1 . The shear wave velocity of Bambang Lipuro area is very low and that reflects the sediments in this area are loose and unconsolidated. Based on shear wave velocity atructures, Bantul and Piyungan areas are mainly composed of hard and consolidated sediments. But, the S-wave velocity in upper 6 m of Bantul area is low (190 ms −1 ) and is mainly dominated by loose and soft sediments. The medium dense sediments are dominant in Kasihan, Banguntapan and Sedayu area.
The phase velocities in Sanden, Imogiri, Pajangan and Dlinggo areas show the variation in dispersion characteristics of Rayleigh wave and also show distinct changes in S-wave velocity structures. Sudden changes indicate that there is a clear difference of the material properties in underlying layers. In Sanden and Pa-jangan area, highest S-wave velocity layer (> 500 ms −1 ) is found between 10 m and 15 m and gradually decreased and decreased after 15 m. Soft layer is found in upper 6 m. In Imogiri, high S-wave velocity layer is observed between 5m and 10 m and then velocity is sharply decreased after 10 m. The high velocity layers will be sandstone layers and low velocity layers will be clayey layers and silty sand layers. The complex nature of ground response will be observed in these areas during an earthquake.
There are no sharp changes in S-wave velocity structure of Jetis, Pleret and Srandakan areas. The low velocity layer (180-190 ms −1 ) is encountered only in uppermost 5 m. After that, the velocity becomes constant up to 35 m depth at 250 ms −1 . No hard layer is observed in these areas and in which only medium dense sediments are dominant. According to the S-wave velocity structures, Kretek and Pundong areas possess relatively hard layers in upper most 5 m and weaker sediments underlain up to 32 m depth.
Comparison of Results
By comparing the results from SASW and geotechnical approach in Imogiri, Bambang Lipuro, Pundong (Watu, Pranti) and Pandak (Wijirejo) areas, the acceptable equivalent swave velocity is observed. The maximum S-wave velocity in Bambang Lipuro is 177 of ms −1 from SASW and 187 ms −1 from SPT. The velocity from SASW was 156 ms −1 , and 154.46 ms −1 from SPT in Watu, Pundong area and 156 ms −1 from SASW and 157 ms −1 from SPT in Pranti, Pundong area. However, some differences are also observed in Imogiri and Pandak, Wijirejo areas.
Site Classification
The site classification is provided according to SNI-1726 SNI- -2002 , in which soil condition is classified into three types: (1) soft soil, (2) medium dense soil, and (3) hard or dense soil based on average s-wave velocity v 30 s of soils in top 30 m depth. For that purpose, v 30 s is determined by using the following equation (Fathani, 2007) .
The site classification based on v 30 s calculated from SASW measurement is shown in Table 10 and that of from SPT is shown in Table 11 .
Conclusion
The objective of this study is to estimate the S-wave velocity structure of Yogyakarta Basin, especially in southern part of basin, which is required for strong-motion evaluation for the 2006 Yogyakarta Earthquake and seismic response analysis for the future safety. To achieve this goal, SASW measurements in seventeen sites and geotechnical evaluation at nine sites were conducted. As a result, the S-wave velocity structures of top 30 m depth had been evaluated in each site. The average shear wave velocity v 30 s had been successful estimated and the sites are classified into three types; soft soil, medium dense soil and hard soil. All sites where SPT performed are on soft soil according to their v 30 s . However, according to v 30 s from SASW measurements, 10 sites are located on medium dense soils type, 5 sites on dense soils and 2 sites on soft soils.
Both tests were carried out in Imogiri, Bambang Lipuro, Pundong (Watu, Pranti) and Pandak (Wijirejo) areas and the maximum S-wave velocity structures are equivalent although there are some differences. Therefore, SASW measurements supported by geotechnical approach can be applied in seismic response analysis as a tool for evaluation of S-wave velocity structures.
However, all S-wave velocity structures evaluated in this study are shallow structures and deep S-wave velocity structures are needed to evaluate 3D basin structure which has a great effect on detail seismic response analysis and determination of strong ground motion.
In order to interpolate 3D basin structure spatially, both deep and shallow S-wave velocity structures are required and microtremor array measurement using array record of long-period and short-period is the best solution for that purpose.
